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ABSTRACT

Estimates of atmospheric heating in the troposphere at Washington, D.C., for each successive 12 hr. during
June and July 1961, were used to study the relation between local heating and the large-scale features of the circulation,
to determine the loeal production of available potential energy, and to assist in interpreting cloud and radiation data

from meteorological satellites.

Some interesting inter-connections are found between heating and the circulation: e.g., it is shown that there is a
very critical phase relation between heating and the temperature field which is important in determining the genera-
tion or destruction of the atmosphere’s potential energy This suggests that special care is needed in designing numer-

ical computations of diabatic heating.

A major effort should be directed to interpreting satellite data in terms of the atmospheric heat budget, because
such global estimates may be useful (using a procedure suggested in this paper) in determining the world-wide distribu-
tion of regions of maintenance or destruction of potential energy.

1. INTRODUCTION

The importance of energy sources and sinks in deter-
mining the short- and long-period evolution of the general
circulation has led to increasing attention to this subject.
As an example from the extended-range point of view,
Namias [14] has stressed the mutual interdependence
between the thermal condition of the earth’s surface and
the atmospheric heat sources. This ‘“feedback” acts in
such a way that over long periods of time large-scale
anomalies of the general circulation set up surface con-
ditions (abnormal snow cover or ocean temperatures)
which in turn influence the atmosphere’s internal heat
sources and sinks so as to perpetuate and perhaps amplify
the original circulation anomalies. To qualitatively eval-
uate this influence, monthly charts of snow cover, ocean
temperature anomalies, and soil moisture are being con-
structed for the Northern Hemisphere (Dickson [4)).
One of the objectives of the work reported on here is to
obtain quantitative estimates of these heat sources and to
show how they are related to the structure and evolution
of the circulation.

There are three methods of estimating atmospheric
heating and cooling: by direct- or indirect-reading instru-
ments (e.g., radiometersondes or meteorological satellites);
by indirect estimates of each of the individual physical
sources of heat (Kasten et al. [8]), and by diagnostic use
of the equations of motion (Wiin-Nielsen and Brown (19]).
We have chosen the second of these because unlike the
third method it permits separate estimates of each of the

principal heating components (condensation, radiation,
and conduction) and is more closely allied with the
methods used for introducing heating into multi-level
numerical prediction models. Instrumentation has not
yet been developed to the stage where all of the heating
components may be determined.

In the conclusion of this paper some remarks will be
made regarding the computation of heating fields by
satellites and multi-level models. Here it will be noted
that in spite of significant progress, there are still many
serious obstacles to overcome before attaining the full
realization of these two most promising developments.

The procedure chosen by the authors for computing
atmospheric heating requires the collection and processing
of many special types of local weather data most of which
(such as cloud and pyrheliometric observations) cannot
be easily processed by electronic computers. Therefore
only a limited sample of date at a few stations and for
limited time periods has been worked up so far. This
greatly restricts the generality of the conclusions which
can be drawn. Nevertheless, the authors feel that enough
information of general importance has been gleaned from
this limited sample to justify bringing it to the attention
of interested persons.

Total heating is computed using the heat-balance
method, which consists of estimating and summing the
contributions of each of the major components: namely,
long-wave radiative cooling, short-wave heating by ab-
sorption of solar and sky radiation, condensation or
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evaporation in clouds, and sensible heating by turbulent
contact with the ground. This particular method. has
been utilized over the years with varying success by many
researchers, but usually only for yearly or seasonal
averages (Albrecht [1]) or for selected heating factors
(Kasten et al. [8]). The data used for the present study
consist of estimates of each of the heat sources for three
layers of the troposphere (1000-600, 600-200, and 1000~
200 mb.) averaged over an area of 15-rai. radius centered
at Washington, D.C., and for each successive 12-hr.
period from June 1 to July 31, 1961 (122 cases). The
procedure embraces several fields of physical meteorology
and will not be discussed in detail in this report. For a
full discussion, together with tables of the different
heating factors, the reader must be referred to an un-
published research report (Clapp, Winninghoff, and
Fisher {3]) copies of which may be obtained on request
by writing to the Extended Forecast Branch, NMC, U.S.
‘Weather Bureau, Washington, D.C.

The most critical and yet most difficult-to-measure
factors in obtaining the local heat budget by this method
are the cloud amounts, types, and elevations of base and
top. It was necessary to idealize the clouds by grouping
them into four basic types: low clouds, divided into cumu-
lus and stratus, middle clouds, and high clouds. A con-
stant height of base and top was assigned to each type.
Cumulus and stratus clouds were not allowed to occur
together. The local radiosonde data were then averaged
into 36 different groups depending on the 12 possible
combinations of these 4 cloud types (including clear cases)
and 3 temperature classes (cool, moderate, and warm).
Cloud type and amount for each 12 hr. were estimated
largely from the hourly synoptic observations.

Using the appropriate average upper-air sounding and
idealized cloud structure for each 12-hr. interval, the long-
wave radiative cooling for the different layers was com-
puted using an Elsasser radiation diagram (Elsasser [5])
and the short-wave absorption by an empirical formula
devised by one of the authors. The heating of the entire
atmosphere caused by direct turbulent contact with the
ground (sensible heating) was obtained from a heat-
balance equation for the ground, in which the sensible
heating is a residual between long-wave cooling and short-
wave heating of the ground, evaporation, andlocal storage
of heat in the ground. Since evaporation and short-wave
absorption could be estimated only for 24-hr. intervals,
no diurnal variation of sensible heating could be obtained.

Condensation and evaporation in the air were deter-
mined using an estimate of the average 12-hr. rainfall in
the 15-mi. radius region, together with the cloud structure
and a rough approximation to the vertical motion within
the clouds. This procedure is based on the assumption
that rainfall is a true measure of the net condensation and
evaporation in the air over the chosen space-time domain,
an assumption which is valid if there is no storage of con-
densed moisture and no ‘“spill-over” of rain between
adjacent domains. "
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The most difficult factor to measure was the vertical
eddy flux-divergence of heat (vertical redistribution of
heat between layers due to small-scale eddies). Only
crude estimates were made of the eddy redistribution of
the heat picked up from the ground and that released

‘within precipitating cumulus clouds.

These empirical or semi-exact methods, together with
the usual lack of sufficient data, make difficult a quanti-
tative assessment of errors. However, a general “feeling”
for the validity of physical estimates suggests that the
computations are reasonably good for the entire tropo-
sphere and considerably less so for the two sub-layers
(mainly because no adequate estimates could be made of
the turbulent redistribution of heat within the atmos-
phere.) Because of the omission of some diurnal effects,
the justification for making estimates for individual 12-hr.
periods is questionable. However, the average statistics
presented here are probably not greatly influenced by
diurnal changes.

2. THE OVERALL SYNOPTIC SITUATION

The following information regarding the average state’
of the circulation and its departure from normal during
June and July 1961 has been taken mainly from reports by
Stark [17] and Green [6]. The reader is referred to these
for mean weather and circulation charts (which will not
be reproduced here) and for further details.

The observed precipitation and temperature patterns
for the United States for both months were characterized by
abnormally low temperatures in the south central United
States with strong east-west temperature contrasts along
the eastern seaboard. Both also showed a band of heavy
precipitation extending from the Gulf States northeast-
ward, attesting to vigorous frontal and cyclonic activity.
This was accompanied by abnormally low heights aloft
in the same areas, shown by the monthly-mean 700-mb.
charts and their anomalies for the Northern Hemisphere,
with the long-wave trough (lowest latitude of 700-mb.
contours) being far west of its normal position. In other
areas the circulation aloft was quite different for the two
months, June showed a vigorous, large-amplitude wave
system over much of the hemisphere whereas July was
characterized by ‘“blocking” at high latitudes, with a
rather sluggish westerly (anomalous easterly) circulation
just north of the latitude of Washington. Mean circu-
lation patterns for the first and second half of each month
show that the large-amplitude wave situation lasted from
about mid-June to mid-July.

Washington, D.C., was situated just to the east of cool
air masses flooding the ‘central portion of the country.
In June, it lay directly within the belt of heaviest rainfall,
while in July it was just south of this. For the two
months as a whole, Washington’s precipitation averaged
about half an inch and temperature half a degree above
normal. The thickness between 1000 and 200 mb. aver-
aged 117 ft. below normal, indicating (with the positive
surface anomaly) a steeper than normal lapse rate.
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F1cURE 1.—Schematic pressure wave at 700 mb. showing_definition
of guadrants used in compiling table 1. .

From these circulation characteristics, one might con-
clude that heating at Washington in this period and its
relation to the circulation must have been typical of a
summer season cooler than normal. It is certain that the
average tropospheric heating was greater than normal,
since, as will be shown later, it is largely dependent on
total rainfall. s

3. HEATING RELATED TO THE LONG WAVES

To investigate the relation of diabatic heating to the
long waves in the westerlies, the data for each 12-hr.
period were first grouped according to the location of
Washington in one of four quadrants of the upper waves
found on each of the 0000 and 1200 emt 700-mb. charts.
The quadrants were defined in terms of the relative (or
angular) distance between trough and ridge, as shown
in figure 1. The ridge or trough location was determined
as the longitude where the closest significant ridge or
trough line intersected the latitude of Washington. A
trough or ridge line is deﬁned as the axis of minimum of
maximum latitude of th ‘,;7 00-mb. contours. The inflec-
tion points of the wave (quadrzmts 2 and 4 in fig. 1) were
assumed to lie halfway between trough and ridge. The

amplitude of each wave was defined as the difference in-

700-mb. height, and the half wavelength as the difference
in longitude, ‘between the ridge and trough at the latitude
of Washington.

Next the 122 cases were separated into three approxi-
mately equal parts according to wave amplitude, and the
average amplitude and wavelength determined. The
results are shown in table 1 along with the number of
cases in each of the 12 amplitude-quadrant classes. It
is interesting to note that as the average amplitude in-
creases, so does the half wavelength, although at a rela-
tively slower rate. This is in accord with what is known
about the relative horizontal scales of the large waves n
the westerlies.

Finally, average values of each of the principal heating
components were obtained for each amplitude-wavelength
class and for each of the three pressure layers (1000-
600 mb., 600~200 mb., and 1000-200 mb.). The results
for 1000200 mb. are summarized in the schematic wave
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TaBLE 1.—Number of cases by amplitude-quadrant classes, and
average amplitudes and wavelengths for upper waves al 700 mb. at
Washingion, D.C. See text and figure 1 for explanation

Range of amplitude (ft.)_ . ... .___ 20-160 170-300 300-740 o
Average amplitade (It.).. ... ___. 88 225 460 268
Average 1/2 wavelength (° long.).._._ 17 28 45 31

Quandrant:

1 11 18 31 60
11 7 4 22
12 9 3 24
2 9 5 16
36 43 43 122

1 All amplitudes.

patterns shown in figures 2, 3, and 4. Also plotted in
these figures are the corresponding average thickness
between 1000 and 200 mb.

These patterns constitute composite time cross-sections
showing the variation of thickness and heating as the
upper waves pass the vicinity of Washington. To the
extent that the waves move from west to east without
significant change in structure, these diagrams also may
be interpreted as average space cross-sections at the lati-
tude of Washington. This is perhaps a fair approximation
for continental regions to the west of Washington, but
significant changes in some of the heating parameters and
in thickness must be expected to the east over the Atlantic
Ocean. Thus, in summer over land the air probably is
almost continually heated from below over 24-hr. intervals
by direct contact with the ground, as shown by the long-
dashed curve marked P4 in the diagrams. But over the
ocean in summer, little heat is transmitted from sea to
air (Jacobs, (7]}, so that the turbulent component prob-
ably decreases sharply there. At the same time con-
vection is suppressed, temperature is lower (and therefore
thickness is less), and radiational cooling is larger than
over the land. A true cross-section along a .latitude
circle would probably show considerably more heating
over the land than over the water for any corresponding
wave quadrant.

Before discussing the figures it should be pointed out
that for ease in visual interpretation the smooth curves
have been drawn freehand despite the fact that the average
data were computed only for the four wave quadrants
indicated by the vertical lines. ~Also, the number of cases
in some of the quadrants for the low and high amplitude
waves is rather small (see table-1). Therefore one cannot
be certain of the exact amplitude and phase.

Figure 2 shows the distribution of the parameters rela-
tive to the troughs and mdges for waves of all amphtudes
The expected relation between the thickness and pres-
sure waves is found, the former laggmg behind the latter,
in this instance with a phase difference of about 45°.
The total heating (heavy solid curve) appears to be
dominated by condensation heating (dashed curve) which
has an amplitude (see inset) about four times that of any
other heating component. (Note: The ‘“amplitude” in
this and the other figures is the difference between the
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largest and smallest computed value, and not the difference
between the maximum and minimum of each curve.)
There is a weak tendency for the heating components to
be “in phase’” with each other, as shown by the fact that
the amplitude of total heating is greater than that of
any one of them.

' The relation between total heating and thickness (a
measure of mean tropospheric temperature) is important
for the maintenance of the thermal contrasts (i.e., poten-
tial energy) of the waves. It is obvious that if the air is
heated when it is warm and cooled when it is cold, there
will be a tendency to increase the amplitude (potential
energy) of the waves, or at least to maintain it against
dissipative forces (e.g., transformation from potential to
kinetic energy). In this instance it is clear that total
heating and thickness are positively correlated, especially
in the vicinity of the thermal ridge.

This tendency for positive generation of potential
energy in the waves of the time cross-sections has been
expressed in more quantitative fashion through use of
integral theorems for generation of available potential
energy introduced by Lorenz [12]. This quantitative
aspect will be taken up in the following section. Here,
it will be pointed out that local maintenance of potential
energy in the time cross-sections is only part of the local

contribution to- total and eddy available potential energy.

Figure 3 shows the distribution of parameters for all
low-amplitude cases. The thickness field is more. out of
phase with the pressure field (i.e., shows a greater lag)
than is the case for all amplitudes. This is to be ex-
pected for the smaller-scale wave systems, which perhaps
may be identified with developing wave-cyclones. The
most striking change is the sharp decrease in amplitude
of condensation heating and with it the amplitude of
total heating. (Compare insets of figs. 2 and 3.) Ap-
parently in this instance summer rainfall had a tendency
to occur almost randomly with respect to troughs and
ridges, but with a slightly greater tendency to occur in
the ridge area of the waves. Despite this, the different
heating components still tend to be in phase, since the
amplitude of total heating is almost twice as great as
that of any single component. TLong-wave cooling tends
to be definitely out of phase with the other components.
Total heating is more strongly in phase with thickness
than in the case of waves of all amplitudes, indicating a
more efficient production of potential energy.

Figure 4 corresponds to the cases of large-amplitude
waves. The most striking change from figure 3 is that
the amplitude of condensation heating has increased by
a factor of 10 (compare insets of figs. 3 and 4) completely
dominating the curve for total heating. The amplitudes
of the other components and of thickness increase too,
but only by factors of 20 percent to 50 percent. Ap-
parently as the long waves increase in amplitude, a much
more efficient organization of condensation takes place,
most of the rainfall being concentrated near the inflection
point between the trough and downstream ridge.
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results may be compared to a similar finding by Klein [9]
for precipitation in the Tennessee Valley. His schematic
diagram (not reproduced) showing precipitation related
to the long waves shows that for large-amplitude systems
most rainfall occurs just east of the wave troughs, whereas
for small amplitudes rainfall occurs in and even to the
east of the ridges.

Figure 4, as compared to figure 3 also reveals interesting
phase shifts. The temperature wave shifts to the right
in the diagram, so as to become more in phase with the
pressure waves, since the large-amplitude systems prob-
ably represent fully-developed or occluded cyclones.
The phase of total heating on the other hand, shifts in
just the opposite direction (to the left in the figures) so as
to become more out of phase with the pressure wave, and
therefore becomes almost 90° out of phase with the
temperature wave. The quantitative study of local
potential-energy generation discussed in the next section
shows that such a relative phase shift is essential, because
otherwise the increased amplitude of both thickness and
total heating would lead to an altogether too large pro-
duction of potential energy. Even with the phase shift
the production of energy for the large-amplitude waves is
much greater than that for the small ones.

The patterns of heating and thickness relative to the
pressure wave for the lower half of the troposhere (1000—

600 mb.; not shown here) are quite similar to those for

the entire troposphere, except in the case of long-wave
radiational cooling which becomes of significantly larger
amplitude and in phase with total heating. This result
is due to the fact that during times of abundant rainfall,
cloud masses extend up through the 500-mb. level. The
clouds greatly reduce, or may even cancel altogether,
radiational cooling below the 500-mb. level, whereas at
times of clearing and little precipitation the radiational -
cooling increases. Thus there will tend to be a positive
correlation between the net heating effect of long-wave
radiation and precipitation (and therefore total heating)
in the lower troposphere. On the other hand, increased
moisture near cloud tops leads to much larger radiational
losses in the upper part of the troposphere, and therefore
to a negative correlation there between radiational heating
and precipitation. Thus there is compensation in the two
halves of the troposphere resulting in the slightly negative
correlation between long-wave radiational heating and
total heating, shown in figures 2 to 4.

It occurred to the authors that since total heating is
dominated by condensation (see figs. 2-atid 4), and since
local condensation in the Washington area in summer is
very erratic, the results shown in figures 2, 3, and 4 might
not be typical of synoptic-scale systems; i.e., if condensa-
tion heating had been computed over a larger region,
more characteristic of the scale of weather maps, the
results might be quite different.

In an attempt to throw light on this matter, average 12-
hr. rainfall (proportional to condensation heating in the
1000-200-mb. layer) was also determined in a much
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F1gure 4.—Heating and thickness relative to waves of large amplitude, for 43 12-hr, periods.

larger (40-mi. radius) area surrounding Washington.
Condensation-heating curves similar to those in figures 2
to 4 were constructed. These showed no significant
.phase change, but an increase in-amplitude in each case
which was important only in the case of the small-ampli-
tude wave systems. Therefore, qualitatively the results
are the same;i.e., a significant positive generation of poten-
tial energy at all scales of waves is still present. How-
ever, it does not follow from this that these results are
typical of all summer seasons at Washington. The large
variability of rainfall for similar synoptic situations might
give quite different results for other years,.

4. THE GENERATION OF AVAILABLE POTENTIAL
ENERGY

An expression for the local contribution to the generation
of total global available potential energy may be derived
from the definition of this quantity as stated in equation
(4.4) of Wiin-Neilsen and Brown [19]. If we include

See figure 2 and text for explanation.

integration through time as well as space, their equation
may be expressed in our notation as follows:

B P t] 0z
_— e thdpdS 1
g4 ’Yc’ptSLj; J; pop @

Here, R is the gas constant for dry air, v, a mean static
stability; ¢,, specific heat of dry air at constant pressure;
p, pressure at any level; p,, pressure at the ground; z,
height of an isobaric surface; ¢, individual rate of heat
addition per unit mass; ¢, a time interval of the order of a
month or season; and S, area of the earth’s surface. It
can be seen that g, is a measure of the average generation
of global available potential energy per unit area and
time, and may be expressed, for example, in ergs cm.™?
sec.™

The integrand of this equation states that there will be a
positive contribution to the total generation of available
potential energy in those localities where the air is being
heated when it is warm and cooled when it is cold. (Note
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that d2/0p is related to temperature through the hydro-
static equation and equation of state.) The physical
significance is that when these individual local contribu-
tions are summed through time and through the entire
volume of the atmosphere, the net contribution g, must be
balanced by an increase in zonal or meridional temperature
contrasts (i.e., by an increase in total available poténtial
energy) and/or by a transformation from potential to
kinetic energy. This is expressed mathematically in
Wiin-Nielsen and Brown’s equation (4.3) which will not
be discussed further here.

If we designate a time mean by an overscore, then the
local contribution to the total generation for a thin verti-
cal layer of pressure-thickness Ap may be defined as
follows:

R —
gALz,EF hQ 2)

where % is the thickness and P is the average pressure of
the thin layer.

It is next convenient to express both thickness and
heating by their time mean value plus a departure from
that mean, the latter being designated by a ‘‘prime”
superscript. The local contribution term then becomes:

gAL:,Y—Cp'E_) (hQ'f'h'Ql) (3)

The first term inside the parentheses of equation (3)
tends to be very large, usually one order of magnitude
larger than the second term. This means that it will be
very sensitive to small errors in the time-averaged quanti-
ties, and these errors will obscure the second term, which
can be determined with reasonable precision. To partly
overcome this inconvenience, we can take advantage of
the fact that the largest part of the first term integrates
out to zero. This is due to the fact, pointed out by Wiin-
Neilsen and Brown, that the value of heating averaged
through space (in a constant pressure surface) and time
must be close to zero.

To take advantage of this, it can be shown that it is
only necessary to replace & by its departure from its
global average for the same period of time. This depar-
ture will be desigiisted by a double-prime superscnpt
If in addition the second term in equation (3) is modified
by using the definition of the simple linear correlation
coeflicient relating local time variations in thickness and
heating, the local generation term becomes:

(E"a‘f‘%. fohtfa) 4)

{]AL=_Y c

where 7, , is the correlation coeflicient, and o, and o, are
respectively the local standard deviations of thickness and
heating.

An expression for the local coutribution to the genera-
tion of eddy-available potential energy (designated by
gr,) may be derived in & similar fashion. This is an
expression of the effect of heating in maintaining west-east
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TasLE 2.—Components of the local contribution to available potential
energy at Washington, D.C.  Summer 1961. Amplitude of waves
listed in table 1. Pressure layers are in mb.; N, number of cases;
oy, standard deviation of layer thickness in fi.; oq, standard deviation
of heating in cal. gm.™! sec.”1X 10%; r, time correlation between h
and Q; (gaLr)s: correlation term of local generation tn erg cm.”2 sec.™!

Amplitude Layers N oh oq X100 (gar)z

AN - 1000-200 122 406 58 20 970
1000-600 149 52 22 1070

600~200 272 68 15
LOW e 1000-200 36 310 47 29 859
1000-600 111 44 44 815

600200 216 53 14
Medinm. ... ... 1000-200 43 435 7 28 900
1000-600 150 35 32 983

600-200 | 296 43 19
Bigh . . 1000-200 43 389 78 32 1047
1000-600 153 67 25 2510

600-200 | 257 90 30

thermal contrasts along latitude circles, and therefore is
one of the important factors in the maintenance of the
long waves in the westerlies. The expression will not be
derived here. If time variations in the zonal (latitudinal)
averages of » and @ may be neglected, one finds:

JeL= ,,P (h*Q +7n, QUWQ) (5)

where the asterisk indicates departure of a quantity from
its zonal average. The first term of equation (5) is seen
to be the local contribution to eddy generation by the
so-called “standing eddies” (semipermanent waves in the
westerlies) while the second term is identical to that in
equation (4).

The second term of equation (4) or (5) was evaluated
using the Washington data for the 2-month period,
obtaining separate values for the entire troposphere (con-
sidered as one pressure layer) and for the sum of the two
sub-layers. The 122 cases were further subdivided into
the three amplitude groups defined in section 3, table 1.
The results are summarized in table 2. The last column
of this table, labeled (g,.); is the second term (correlation
term) of equations (4) and (5) multiplied by the constant
coefficient which was evaluated using B=2.8710° erg
gm.”! °K.7; ¢,=0.24 cal. gm.”! °K.7}; y=3X10"* cm.t
gm.”? sec.? (Wiin-Nielsen and Brown {19]); and with the
mean pressure of the layer (P) being 600, 800, and 400 mb.
for the layers 1000-200, 1000-600, and 600-200 mb.,
respectively. The energy-production for both layers (last
number in second row of each amplitude group) was
evaluated by computing (g..). for each layer separately
and then summing the two.

Some of the more interesting results shown in this
table may be summarized as follows:

1. The sum of the energy production for the two layers
is greater than that for the single layer (1000-200 mb.).
This suggests that even larger values might be obtained

if heating were known as a function of pressure.

2. The magnitude of the energy production increases
steadily with wave amplitude and is three to four times
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TABLE 3.—Components of the local contribution {o tolal available
potential energy at Washington, D.C., summer 1961. All values for
entire troposphere (1000200 mb.) and for all 122 cases. h 1s thick-
ness of the layer in ft.; overscore, 2-month average, bracketed value,
estimate of global average; double-primsz superscript, difference be-
tween columns 1 and 2; Q, local heating in cal. gm.”! sec.™! X 107;
(ga)1, first term of equation (4)

i ‘ () % 3 ( Gatn

39,710 ’ 39,334 +376 11 ’ 836

as large for the large-amplitude waves as for the small
ones,

3. The correlation coefficient between heating and
thickness averages 4-0.20. This means that significant
amounts of energy are produced despite the fact that
temperature and heating are almost 90° out of phase.
This suggests that at least the correct phase of the heating
wave must be established if meaningful values of potential
energy production are to be obtained by this or any other
procedure (e.g., in numerical prediction models).

The first term of equation (5) cannot be evaluated at
all using the data of this project. However, a crude
estimate can be made of the first term of equation (4) if
we may assume that the global average thickness for the
two months (defined here as {%}) is given approximately
by its equivalent normal value. The latter in turn may be
approximated by the average thickness for both summer
and winter over the Northern Hemisphere, using normal
height data from London [11]. Because of the ques-
tionable accuracy of this term, it was computed only for
the entire troposphere and all 122 cases. The elements
of this computation are summarized in table 3.

It can be seen that the first term of equation (4) is
positive and about the same magnitude as the second term
(first row, last column of table 2). The sum of the two is
1806 erg cm. %sec.”!, a value close to the various estimates
of the frictional dissipation of kinetic energy. In the long
run the global production of available potential energy,
the conversion from potential to kinetic energy, and the
frictional dissipation of kinetic energy must be approxi-
mately equal. Therefore the above result suggests that
during these two months heating in the Washington area
produced its fair share of potential energy.

5. HEATING RELATED TO THERMAL ADVECTION

In the hydrodynamic equations for multi-level numerical
prediction models, diabatic heating is introduced through
the thermodynamic energy equation, which may be written
as follows: ’

o dIn 0
Q=c, (53 +V-9T)+e,To 25 (6)

Here Q is the individual rate of heating and cooling per
unit mass; ¢,, specific heat at constant pressure; 7', abso-
lute temperature; V, horizontal wind component; v,
horizontal gradient vector; w, vertical pressure-velocity;
and p and ¢ pressure and time, respectively.
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Heating computed by the heat-balance method was
compared to each term and to the sum of the terms on the
right side of equation (6). For this purpose the terms were
estimated at Washington for each of the 122 6000 and 1200
GMT synoptic times during June and July 1961, and for
each of 6 levels (sea level, 850, 700, 500, 300, and 200 mb.).
Data were read from routinely analyzed charts of the
Weather Bureau’s Analysis and Forecast Branch. Stand-
ard finite-difference methods were used, with a 24-hr.
centered time step, a horizontal grid interval (i.e., twice
the distance from Washington to each of four surrounding
grid points) of 5° latitude aloft and 2.5° at the ground,
and a varying vertical interval equal to the pressure
difference between adjacent levels below and above the
level in question, except at the ground where a non-
centered pressure difference was used. Observed winds
at Washington were used in estimating horizontal tempera-
ture advection. Horizontal divergence at each level was
computed by the kinematic method from winds estimated
at the four grid points from analyzed streamlines and
isotachs. From these values of divergence, the vertical
gradient of w was estimated from the continuity equation,
and o itsell computed at each level by a summation proce-
dure, starting with a value of zero at the ground.

Estimates of divergence and vertical motion for indi-
vidual synoptie charts are subject to large random errors.
In the particular method used here, the horizontal wind
at the grid point to the east of Washington was especially
difficult to estimate since the point lies in a sparse data
Tegion over the ocean. Perhaps for this reason, a strong
blas toward too much convergence was obtained. To
minimize this, the vertical motion was recomputed as-
suming the mean divergence to be zero in the layer 1000~
200 mb. (As will be noted later, this may be too drastic
a suppression of divergence.) To further minimize random
errors in this term, as well as in the other terms and in the
computations of heating by the heat-balance method, each
of these was averaged for the layers 1000-600, 600-200,
and 1000200 mb. and for each of 25 partly overlapping
5-day periods during the two months.

Before taking up the resulis, it might be profitable to
anticipate what might be expected from a knowledge of
the physical processes themselves. From the discussion
in section 3 it is apparent that for these two months the
total heating was dominated by condensation whenever
this occurred. Condensation in turn is directly propor-
tional to the upward motion found in precipitating clouds.
Also, it may be anticipated that on many clear days when
net cooling occurs, downward motion will be found with
subsiding anticyclonic weather. Therefore a positive cor-
relation between heating and the vertical advection term
is to be expected. It can also be expected that the vertical
advection term tends to have the opposite sign to that of
the sum of the other two terms, especially when averaged
through deep layers of the atmosphere. If this were not
true, vertical motions which have frequently been com-
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F1eURe 5.—Sum of first two terms of thermodynamic energy equa-
tion (equation (6), ‘‘horizontal heating’’) vs. total heating by heat-
balance method, both averaged for layer 1000 to 600 mb. and for
25 partly overlapping 5-day periods. at Washington, D.C., June

_and July 1961. Average of both quantities shown by square with
cross. Circled dots indicate two cases. Correlation coefficient

is —0.34.
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Ficure 6.—Last term of thermodynamic energy equation’ (equa-
tion (6), ‘‘vertical heating’’) vs. total heating by heat-balance
method. See figure 5 for explanation. Correlation coefficient
is +0.20.

puted by the adiabatic method (equation (6) with @ zero)
would be valueless. For this reason, a negative correlation
between heating and the sum of the first two terms (called
hereafter the horizontal term) may be expected.

The results for the layer 1000-600 mb. are shown in
figures 5 and 6. As anticipated, there is a positive
(negative) correlation between heating and the vertical
(horizontal) term, but the magnitudes of the coeflicients
are surprisingly low, especially for the vertical term.
These low correlations are associated with an equally low
(but slightly positive) correlation between total heating
as computed by the heat balance and thermodynamic
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Ficure 7.—Total heating by thermodynamic energy equation
method vs. total heating by heat-balance method. See figure 5
for explanation. Correlation coefficient is 4-0.01.

methods (fig. 7) despite the fact that these two estimates
ought to be equal in accordance with equation (6). Aside
from random errors in the calculations, which are espe-
cially troublesome for the vertical term, the cause of this
poor relationship may be traced to the different space
scales of the two estimates. The heat-balance calculations
apply to a 15-mi. radius area (700 mi.?) while the finite-
difference thermodynamic method represents average
heating for a 120,000-mi.? region. Because of the sporadic
nature of summer shower type precipitation, it is likely
that at least the contribution of condensation to total
heating may be quite different over the two regions.

‘In an attempt to eliminate this probability of non-
representativeness in the two estimates, four eclear-cool
days and four days of widespread precipitation were
selected, each set therefore consisting of eight individual
12-hr. periods. The rainy days were selected so that
there could be little doubt that the Washington-area rain-
fall was representative of that in the larger synoptic region.
(For example, rainfall over the 40-mi. radius area was only
slightly larger than that in the 15-mi. radius region on
those days.) Heating by each of the two methods was
then averaged for each 4-day set and for the three layers.
The results are shown in table 4. This composite tech=
nique reveals quite satisfactory qualitative agreement
between the two methods. Both show net cooling of the
entire troposphere on the clear-cool days, with the greatest
cooling in the upper troposphere, and net heating on the
rainy days with the largest heating in the lower tropo-
sphere. Furthermore, the signs of the horizontal and
vertical heating terms are as anticipated. Unfortunately,
the quantitative comparison is still not very good. The
thermodynamic method appears to introduce consistently
more cooling (less heating) than the heat-balance method.
This analysis does not reveal which may be nearer correct,
but it can be said with some certainty that the thermody-
namic method gives too much cooling in the clear cases.
Even if short-wave absorption and turbulent heating were
zero (the only important sources of heat in the clear cases)
a maximum cooling by long-wave radiation alone of —43
units (—304 ly./day) could be expected in the layer



OcTOBER-DECEMBER 1963

TABLE 4.—Average heating in three selected pressure layers for
four clear-cool and four general-precipitation days computed
by the heat-balance and thermodynamic energy-equation meth-
ods, Values for the horizontal and vertical heating terms for
the total layer are also givem for the themodynamic method.
Units: cal. gm.~* sec.”* X 10°

Clear and cool General precipitation
Pressure
interval Heat Thermodynamic method Heat Thermodynamic method
(mb.) balance balance -
method method
Ave. Horiz. Vert. Ave. Horiz. Vert.
1000-600 7.4 —13.5 134.5 69.1
600-200 -33.1 1 —72.1 L1220 66.1
1000-200 —12.5 —43.0 | +83.4 | —126.4 128.3 67.6 —21.0 +4-88.6
1000-200 mb. Perhaps one reason for this discrepancy

is the introduction of the ‘“‘zero-divergence’’ assumption in
computing vertical motion, which may have gone too
far in correcting for over-convergence.

6. SUMMARY AND CONCLUSIONS

Computations of heating and cooling in deep layers of
the troposphere, produced by short- and long-wave radi-
ation, condensation, and turbulent exchange with the
earth’s surface, were used to obtain some relationships
with circulation and weather near Washington, D.C., for
June and July 1961. Perhaps the greatest value of such
estimates of local heating lies in their potential use for
computing geographical patterns of the local contribution
to the generation of available potential energy averaged
over long periods of time (months or seasons). This
might throw light on the influence of local energy-source
anomalies on the maintenance of the general circulation.
One possible computational procedure has been discussed
in section 4. :

The computation of heating used here, even though now
being revised for fast processing on electronic computers,
is relatively slow and Iaborious because of the necessity of
collecting special forms of local data. Therefore an
attempt was made to show how the currently available
satellite data may be interpreted in terms of atmospheric
heat sources and sinks. 'This part of the study has been
published earlier (Clapp [2]). Among the results is the
finding that the total outgoing long-wave radiation at
200 mb. (probably proportional to the long-wave radiation
measured by a satellite) has a fairly high correlation
(40.54) with the long-wave radiative cooling of the entire
troposphere. Unfortunately it is less well correlated
(--0.43) with the total heating from all sources. When
improved instrumentation or procedures for meteorological
satellites are developed to the point where better estimates
of total heating are possible, one will be able to obtain in a
relatively short time invaluable information on the role of
heating in the maintenance or destruction of potential
energy in various parts of the world.

An attempt along these lines has been made by Suomi
and Shen [18] using the outgoing long-wave radiation as
measured by the satellite Explorer VII. They find
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(using radiometersonde observations) a much higher cor-
relation (<4 0.88) than we did between outgoing radiation
and net long-wave radiative cooling. Assuming the
satellite-measured radiation is equivalent to the net cool-
ing, they show that there is on the average a positive
generation of eddy-available potential energy over alarge
area of the earth. On the other hand, our results (pre-
sented in figs. 2 to 4) suggest that long-wave radiative
cooling is poorly or even negatively correlated with tem-
perature, and therefore leads to a slight destruction of
potential energy. However, it should be noted that Suomi
and Shen’s results apply to large areas and to the cold
season, while ours apply to local conditions in summer.

This study revealed significant empirical relations be-
tween tropospheric heating and certain parameters carried
by even the simplest of present-day dynamical circulation-
prediction models. One of the more interesting of
these relationships is a significant negative correlation
between heating and temperature advection in deep at-
mospheric layers.

More sophisticated multi-level numerical models are

- now being designed to include the effects of diabatic

heating by estimating the various individual processes as
in this study, except that condensation and evaporation
are computed by a continuity equation for water vapor
instead of indirectly from observed rainfall (Smagorinsky
and Manabe [16]). In the design of such models, the
computation of vertical motion, and therefore the accurate
determination of condensation, presents special problems
which are receiving considerable attention (Smagorinsky
[15]). Because of the importance of condensation heating
(emphasized in the present report) some special aspects
of this subject will be reviewed here.

Several investigations indicate that the continuity
equation for water vapor yields estimates of condensation
which are far too low (e.g., Manabe [13], Kurihara [10]).
At least one important factor leading to such underesti-
mates is the use of finite-difference procedures in which
only the mean divergence and therefore the mean vertical
motion may be obtained over the very large minimum
area which can be resolved in the usual finite-difference
mesh. Actually, condensation is proportional to the mean
vertical motion within the precipitating clouds. When
most of the rainfall comes from isolated convective cloud
towers, as in much of the precipitation discussed in this
report, the mean vertical motion within the clouds may
be very large, even though that over the entire grid area is
close to zero. Even in the case of extratropical and
tropical cyclones, a large percentage of the rainfall comes
directly from convective elements which penetrate the
general cloud cover, so that here too finite-difference
methods will give values too small for condensation
heating. ' ' '

Two important errors which may be introduced by this
underestimation are a sharp reduction in the magnitude
and a shift in the phase of total heating relative to the
thermal wave. Figures 2, 3, and 4 show that in the cases
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studied here only a reduction in magnitude would be -

involved. Perhaps this may be characteristic of summer-
time situations, when condensation heating dominates the
other components. In this case the reduced magnitude
of heating would lead to a tendency by the models to
underestimate the generation of potential energy of the
waves, so that they would be predicted to dissipate too
rapldly by friction and other energy destroylng mech-
anisms.

An underestimation of condensation heating may cause
a much more serious error in winter, when heating of the
air by turbulent contact with the earth’s surface is often
very large, especially in cold Arctic air masses flowing
southward off the coasts of ‘continents (Winston [20]).
This type of heating may be equal-to or even larger than
the concurrent condensation heating. Even more sig-
nificant, it will tend to be displaced in phase toward the
colder air (i.e., toward the minimum in the thickness wave
shown in fig. 2) while condensation in winter still occurs
far to the east of the thickness minimum.

Since turbulent heating from the ground or ocean sur-

face tends to be rather uniform over broad areas, it can -

be estimated by finite-difference methods without intro-
ducing systematic error. Therefore, the net result of
underestimating the magnitude of condensation in winter
is likely to be an erroneous shift in phase of the total
heating wave so that it is out of phase with the tempera-
ture wave (i.e., the atmosphere will be incorrectly indi-
cated as being heated where it is cold, and vice versa).
This in turn will favor a rapid. destruction of the predicted
potential energy of the cyclone waves.
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